Abstract-This paper presents a novel power flow control strategy for an energy management system (EMS) with hybrid energy storage. The EMS operates a remote microgrid and directs the power flow to either batteries or supercapacitors to increase the life of the batteries. This paper demonstrates that the use of supercapacitors increases the lifetime of the batteries and ultimately improves the economics of the system. The proposed EMS controller also compensates for the 120Hz ripple on the DC bus. Modeling, simulations and experimental verification are presented together with the procedure to perform the assessment of the battery lifetime, according to the tuning parameters of the controller.
I. INTRODUCTION
Microgrid technology has been developed and closely investigated as one of the solutions to increase energy security. Solid state power converters are instrumental to microgrid operations. Power electronics based energy management systems (EMS) have been recently explored ( [1] - [7] ) to control loads and distributed energy resources (DERs), to detect grid failure and to enable the microgrid islanding mode of operation. Although an EMS is sometimes used to define the software or controller that manages the energy in a power system or microgrid, in this paper it is used to define a system which includes one or more power converters that interface to a microgrid and different DERs. In addition to the hardware, the EMS includes several layers of control to manage currents and voltages as well as loads and sources. An EMS has been recently proposed to optimize operations in remote military microgrids where continuous service to critical power loads is essential [4] [7] . In this paper, we focus on the EMS' ability to control the power flow when a hybrid energy storage system (HESS) is added to the architecture. The goal of the proposed HESS is to divert the 120Hz ripple and the peak current ripple away from the batteries by adding supercapacitors (SCs) controlled by a buck-boost converter, thus increasing the lifetime expectation of the batteries available in the microgrid. A novel study, to tune the controller's parameters is carried out for a remote military microgrid model. Recent publications [8] - [15] [17] have addressed hybrid storage systems with batteries and SCs in different configurations. Some HESS configurations have used different power converter topologies and controllers [8] [9] [12] , or they do not show a thorough analysis of the control system [5] . Other HESS do not control the 120Hz ripple on the DC bus either because they are applied to three phase systems [13] or because they service loads that are not single phase AC [10] [16] . References [14] and [15] present HESS controllers that are very similar to the one proposed in this paper, but they do not include the battery lifetime analysis nor the application to the economics of a microgrid as they are presented in this paper. In [17] , although a similar HESS controller was used, the power management strategy used has a different scope than the one proposed in this paper, losses and state of charge (SoC) of the SCs are weighted to be optimized, but the authors do not quantify how this procedure affects the expectation of battery lifetime extension. Here, we evaluate how the different controller strategies increase the battery lifetime.
To the knowledge of these authors, the proposed combination of buck-boost converter, control architecture and tight link with the battery lifetime presented in this paper has not been previously presented. Furthermore, the application for a remote microgrid introduces peculiarities in the economics of the considered case study. In this paper, the EMS architecture is presented in section II. The proposed HESS controller is simulated and analyzed in section III. In section IV, the procedure, involving the battery lifetime and its link with a specific controller parameter, is presented for a typical power profile of a remote military microgrid. Experimental measurements and conclusions are reported in sections V and VI respectively.
II. EMS FUNCTIONALITY AND MICROGRID SET UP
A schematic of the EMS' architecture is provided in Figure  1 together with the remote military microgrid power system. The EMS consists of five inverter legs, a field programmable gate array (FPGA) based control system, photovoltaic (PV) panels battery pack and a supercapacitor. Lead acid batteries are used for the work presented in this paper, however any other type of battery could be used. The FPGA-based controller includes the DC bus voltage controller, the AC bus voltage control during islanding operations and the EMS AC current in grid-connected mode. This paper focuses on a new DC bus voltage controller, while the AC current and voltage control systems are the same as presented in [6] . The FPGA also houses the controls for the HESS and the energy management logic such as load scheduling and grid connect/disconnect. Two legs of the power module are employed as a single-phase bidirectional H-bridge converter which can be controlled as a current source to inject power from the battery pack to the microgrid or as a voltage source when the generators are off. The third leg of the power module is operated as a bidirectional buck-boost converter to either charge the battery bank or draw energy from it. The fourth leg of the power module is operated as a bidirectional buck-boost converter to either charge the supercapacitors or draw energy from them. Batteries and SCs form the HESS which is controlled by the EMS. A fifth inverter leg is used as a boost converter that is the interface to the PV panels. Also shown in Figure 1 are critical and non-critical loads and two diesel generator sets (gen sets). Critical loads are those loads, including computers, radars and some air conditioning systems which are critical to the military operation's success and must be powered at all times. Thus, they are hard wired to the AC power bus, while non-critical loads are connected to the AC bus through a solid state switch controlled by the EMS to enable shedding when necessary. In this set up the non-critical loads are grouped together for ease of laboratory demonstration, however an EMS can control multiple noncritical load switches.
III. HESS CONTROL SYSTEM
In this section, the HESS control system architecture is presented and its functionality is demonstrated with analysis in the frequency domain as well as time domain simulations.
A. Controller Architecture and Functionality
The DC bus voltage is held constant by the HESS controller shown in Figure 2 . In addition to regulating the DC bus, the goal of this controller is to distribute the load current between the battery and the SCs. Specifically, the load current is the current that the EMS injects into the AC bus to supplement the power provided by the generators. The peak current demanded by the loads is provided by the SCs instead of the battery to reduce the AC current stress on the battery. The lowpass filter commands the battery current to be absent of abrupt changes. The bandpass filter (BPF) is added to extract the 120 Hz signal, which has a frequency equal to twice the 60 Hz output frequency. The goal of the BPF is to reduce the second harmonic voltage ripple on the DC bus and AC current in the battery. The BPF is analyzed in the next section.
From the control diagram in Figure 2 , the transfer function of the battery current over the DC voltage error can be derived:
The DC voltage error leads to a supercapacitor current that is
The Bode plots of the transfer functions (1) and (2) are shown in Figure 3 . The battery current contains only low frequency components, while the SCs provide the current for any AC disturbances in the DC bus, especially at 120 Hz. In fact, the top plot in Figure 3 shows that the gain of the transfer function (2) is high at 120Hz. The parameters used for this analysis are shown in TABLE I. 
B. Contribution and Analysis of the BPF
It is well known that a 120 Hz component is drawn from the DC bus by a single phase inverter delivering 60Hz AC power, so that pulsating power flows from the DC bus in addition to DC power. The role of the BPF in Figure 2 is to ensure that the 120Hz current is drawn from the SCs, not the batteries. The following analysis clarifies the contribution of the BPF.
The equivalent circuit in Figure 4 represents the currents that are flowing to/from the EMS DC bus which are the supercapacitor current iSC, the battery current iB and a disturbance current iD which is equal to -iemsdc in Figure 1 .
For the equivalent circuit in Figure 4 the following equations can be written using basic circuits analysis:
First, let us analyze the HESS controller, when there is no BPF. This is accomplished by removing the BPF block from Figure 2 , then re-writing (3) by substituting iSC.
( )
From (4), when the disturbance iD is zero, the DC voltage transfer function can be derived
The DC voltage due to the disturbance current, when the reference DC bus voltage is zero, is 
and the DC voltage due to the disturbance current is 
The coefficients for the transfer functions (7) and (8) Figure 5 . Bode plots of the transfer functions (5) and (6) without BPF. Figure 6 shows the Bode plots of the transfer functions (7) and (8) , where the BPF was added to the control architecture. In contrast with A time domain simulation of the system represented in Figure 1 is shown in Figure 7 . The 120 Hz component of DC bus ripple is reduced by the BPF. Also, as shown in Figure 7 , the step response to an increase in the DC load current is reduced. The disturbance current used in the simulation of Figure 7 is a 10A sinewave at 120 Hz plus a 10A step change in the load current at t=1 second. 
IV. LIFETIME EXTENSION AND ECONOMICS OF AN OPTIMIZED HESS
In this section, the proposed HESS control system is used in a remote military microgrid to demonstrate that it increases the battery lifetime compared to the same microgrid where only batteries are used for energy storage. The analysis in this section proves that, when the HESS draws the load transient currents from the SCs, the batteries last longer. The battery lifetime extension is quantified for different values of the lowpass filter coefficient α and the overall microgrid economics is analysed.
The power profile of Figure 8 represents the typical daily consumption in a remote military microgrid, where sudden peaks occur and seriously affect the lifetime of the batteries. This profile is used for the following analysis and case study. 
A. A few Considerations on the Role of the Optimization
Fuel consumption is the first parameter that must be minimized in a remote military microgrid because fuel transportation to remote sites can result in loss of lives. In a previous study the optimization model and its constraints were throughly discussed [18] . Here we use the results of that optimization which is based on 2 minute intervals and provides the rules for the power sharing among the various sources. These sources include two diesel generators (5 and 15 kW), the PV source (3 kWP, which is deterministic in the proposed example) and the HESS. In addition, the optimization algorithm ensures that the batteries operate within safe State of Charge (SoC) limits and the generators operate within their range of operation and efficiency. The size of the battery has been already discussed in [18] . The power profile required from the HESS, PHESS is thus obtained and is being used in this novel analysis, where the focus is the evaluation of the lifetime of the batteries and the economics of the system, when the controller parameter α varies.
B. The Link between the Controller and the Battery Lifetime
Different battery and SC currents can be obtained by changing the lowpass filter coefficient α. With these currents as inputs, we can evaluate the SoC for both devices and find which is the best SoCD to support the optimized rules.
SoCD(t) = SoCD(t-1) -[PD(t) .Δt]/ASED (13)
With SoCD , PD and ASED we identify the SoC, the active power and the storage capacity of each specific device (either the battery or the SCs):
PD(t) = PBAT(t) = VBAT.IBAT(t) or PD(t) = PSC(t) = VSC.ISC(t) (14) PHESS(t) = PBAT(t) + PSC(t) (15)
The battery lifetime is thus assessed by using the Rainflow counting method [19] [20] , which needs the results of the SoC over time to provide the number and typology of cycles characterizing the charge and discharge of the battery over a typical horizon. Each kind of battery shows its own cycle to failure (CF) vs. DoD (Depth of Discharge). In Figure 9 such data for the lead acid batteries used in the laboratory prototype is reported.
The Rainflow counting algorithm provides information on amplitude (related to the DoD) and frequency of cycles presenting the same amplitude on a set time horizon. The life expectancy of the battery is related to the CF, with 1/CF being the life fraction. We can assess D, the inverse of the lifetime as: (16) where m is the number of different DoDi, occuring in the set horizon, Ni the frequency associated with DoDi and CFi the corresponding number of cycles to DoDi. For a fully functional battery, D has to be less than 1. When D=1, the battery is considered dead; its unit measure depends on how the number of cycles Ni is counted: if Ni are days, then the lifetime of the battery (inverse of D) counts the days to failure (DF). To sum up the analysis: the higher α, the less current on SC, the lower the lifetime of the battery. To achieve a certain lifetime we tune the α value accordingly.
The overall implemented procedure ensures minimum fuel consumption while maximizing the battery lifetime at the same time. This last objective is achieved by tuning the HESS controller.
C. Case Study Results
In Table II the input data for a remote military microgrid is reported for three scenarios, or cases (1, 2 and 3), identified by the alpha values .001, .003 and .005. When the load profile of Figure 8 is considered for a typical day, the optimized procedure identifies the best PHESS(t) for each time step of the day. Different alphas determine a different sequence for I 1,2,3 BAT(t) and I 1,2,3 SC(t) thus SoC 1,2,3 BAT(t), the superscripts denote the different scenarios. For each of the 3 scenarios a new series of DoD 1,2,3 exists and a different lifetime is expected. In Table III the main results for the 3 cases, after the optimization and the tuning of alpha, are reported.
The overall investment (INV 1,2,3 ) is thus evaluated as in the following, depending on the DF of the batteries, which ultimately depends on alpha: (17) The change in IBAT and ISC sequence can be visualized when simulating the battery current with and without SCs. A Simulink model was used to create the simulated plots in Figure 10 and Figure 11 . Omitting the switching behavior of the EMS power converters lead to shorter simulation times for the battery current over a 24-hour period. In Figure 10 the battery current is plotted when no SCs are used, while in Figure 11 battery and SC currents are shown respectively when the HESS controller is operational with the lowpass filter coefficient α=0.005. It can be observed that the battery current is much smoother when the HESS controller is used to re-direct the peak currents to the SCs. In Figure 12 and Figure 13 the battery cycles are reported for α equal to .005 (smaller SCs) and .001 (bigger SCs). The main results are reported in Table III where the increase in days to failure (274 estimated days for α=.005 against 363 for α=.001), the assessment of the lowest SoC and investments are assessed with respect to the illustrated procedure. The plots in Figure 14 and the results in Table III demonstrate how the battery lifetime is extended when the HESS controller is used, realizing the least investment over 5 years, when α decreases, thus finding the suitable tradeoff between increasing SCs size and the battery wearing out.
Depending on the size of the SC and batteries, thus on the deriving cycles to failure, we can infer that the daily power consumption is a key parameter for the economic evaluation. Therefore careful microgrid load analysis should be done to create a reliable load profile. A sensitivity analysis can also be performed to identify the proper range of validity for the current assessment and link it to the parameter α. 
V. EXPERIMENTAL MEASUREMENTS
To verify the HESS controller analysis and simulations presented in section III, a laboratory experiment was conducted with an EMS prototype. The SCs were commanded to charge or discharge and then the BPF was turned on or off. The experimental waveforms shown in Figure 15 through Figure 18 demonstrate that in both charging and discharging mode the SC current does not carry the 120Hz ripple when the BPF is not present, while it does have a 120Hz ripple when the BPF is used. This means that, with the BPF, the 120Hz ripple is no longer present on the DC bus because the 120Hz current flowing to the EMS is now provided by the supercapacitor. The 120Hz current ripple is effectively shunted away from the batteries by the HESS controller.
VI. CONCLUSIONS
This paper presents a novel HESS controller focused on increasing the lifetime of the batteries by using SCs with a buck-boost converter to control their charge and discharge, thus maximizing their utilization. A realistic load profile is used and several scenarios are compared to link the controller parameter α with the battery lifetime extension. An additional economic evaluation is also performed on a 5 year period. The SCs are sized to take the stress off the load power transients from the battery pack, so that the batteries only "see" an idealized load profile and can perform at its best. Experimental measurements demonstrate the ability of the proposed HESS control system to suppress the 120 Hz ripple from the DC bus. Although this result certainly improves the efficiency of the HESS, thus effecting the lifetime of the batteries, it should be noted that the 120Hz ripple suppression was not included in the economic analysis presented in section IV. Future research will add the SCs and battery models to the simulations so that the reduced losses due to the 120Hz ripple being provided by the SCs can be estimated.
Future work will also identify the role of different kind of batteries and SCs and an indepth study on the SC sizing will be performed. The final scope of this research is to come up with a real time optimized control algorithm to minimize fuel consumption and lifetime costs.
